Abstract: Mucinous tubular and spindle cell carcinoma (MTSCC) of the kidney is a rare type of renal cell carcinoma that frequently exhibits histologic and immunophenotypic features overlapping with type 1 papillary renal cell carcinoma (PRCC). To clarify molecular attributes that can be used for this difficult differential diagnosis, we sought to delineate the genome-wide copy number alterations in tumors displaying classic histologic features of MTSCC in comparison to the solid variant of type 1 PRCC and indeterminate cases with overlapping histologic features. The study included 11 histologically typical MTSCC, 9 tumors with overlapping features between MTSCC and PRCC, and 6 cases of solid variant of type 1 PRCC. DNA samples extracted from macrodissected or microdissected tumor areas were analyzed for genome-wide copy number alterations using an SNP-array platform suitable for clinical archival material. All cases in the MTSCC group exhibited multiple chromosomal losses, most frequently involving chromosomes 1, 4, 6, 8, 9, 13, 14, 15, and 22, while lacking trisomy 7 or 17. In contrast, cases with overlapping morphologic features of MTSCC and PRCC predominantly showed multiple chromosomal gains, most frequently involving chromosomes 7, 16, 17, and 20, similar to the chromosomal alteration pattern that was seen in the solid variant of type 1 PRCC cases. Morphologic comparison of these molecularly characterized tumors identified histologic features that help to distinguish MTSCC from PRCC, but immunohistochemical profiles of these tumors remained overlapping, including a marker for Hippo-Yes-associated protein signaling. Characteristic patterns of genome-wide copy number alterations strongly support MTSCC and PRCC as distinct entities despite their immunohistochemical and certain morphologic overlap, and help define histologic features useful for the classification of questionable cases.
M
ucinous tubular and spindle cell carcinoma (MTSCC) of kidney is a distinct subtype of renal cell carcinoma (RCC) recognized in the recent World Health Organization (WHO) classifications of tumors. 1, 2 Classically, this subtype of RCC shows tightly packed elongated, branching tubules lined by low-grade cuboidal cells merging with bland spindle cell elements in a mucinous or myxoid stroma. [3] [4] [5] [6] [7] In most case series, it occurs more frequently in females (F:M = 3 to 4:1) and is associated with indolent clinical behavior. [4] [5] [6] [7] [8] [9] [10] [11] The morphologic spectrum of MTSCC, however, can include some unusual features, such as spindle cell predominant, tubular epithelial component predominant, mucin-poor, focal papillations or rarely well-formed papillae, necrosis, and clear cell changes. [11] [12] [13] Occasional cases displaying high-grade nuclear features, sarcomatoid differentiation, and lymph node or distant metastasis have also been reported. 10, [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] The main differential diagnostic consideration for MTSCC is type 1 papillary renal cell carcinoma (PRCC) that has predominantly solid or tubular architectural patterns or contains low-grade spindle cell areas. 24, 25 Immunohistochemical profiles of these tumors show significant overlap, with a large majority of cases exhibiting immunoreactivity to CK7, AMACR, and EMA. 8, 9 At the genomic level, Rakozy et al 6 have reported a unique pattern of losses of chromosomes 1, 4, 6, 8, 9, 13, 14, 15 , and 22 in all 6 MTSCC tumors analyzed by comparative genome hybridization and loss of heterozygosity (LOH) analyses. Similar chromosome aberrations were subsequently identified by other studies. 5, 10, 26, 27 However, some cases in these prior studies were also reported to harbor multiple chromosomal gains, including 7, 11, 16, 17 , and 20, the pattern more characteristically observed in PRCC. 5, 26, 27 In parallel, some studies have found fluorescence in situ hybridization (FISH) analysis for trisomies 7 and 17 helpful in this differential diagnosis, 25, 28 while others reported inconsistent findings. 29, 30 In contrast, studies of the solid variant of PRCC and PRCC with low-grade spindle cell foci examined trisomies 7 and 17 by FISH analysis, with most identifying the presence of trisomy 7 and/or trisomy 17. 24, 25, [30] [31] [32] [33] Using whole-exome sequencing, a very recent study of MTSCC with classic morphology revealed monosomy of chromosomes 1, 6, 9, 14, 15, and 22 in 100% of 22 cases, and frequent loss of chromosomes 4, 8, and 13 in 80% to 90% of cases. 34 The study also suggested biallelic alteration and dysregulation of Hippo pathway as a common molecular basis for the disease. Meanwhile, type 1 PRCC in The Cancer Genome Atlas (TCGA) study predominantly showed multiple chromosomal gains, including nearly universal gains of chromosomes 7 and 17 and less frequent gain of chromosomes 2, 3, 12, 16, and 20. 35 While these new molecular studies support MTSCC and type 1 PRCC as distinct entities, it remains unclear whether MTSCC is molecularly distinct from PRCC variants that histologically closely mimic MTSCC, and how pathologists should practically approach cases with overlapping histologic features.
In this study, we performed genome-wide copy number and allelic imbalance analysis of MTSCC, solid variant of type 1 PRCC, and cases with overlapping histologic features using a high-resolution SNP-array platform that is suitable for clinical archival material. For tumors with intratumoral morphologic heterogeneity, we specifically investigated morphologically distinct areas. On the basis of findings from this molecular analysis, we reevaluated the morphologic features of tumors in different diagnostic groups and assessed the utility of potential immunohistochemical tests including a marker for the dysregulated Hippo-Yes-associated protein (YAP) pathway.
MATERIALS AND METHODS

Case Selection and Histologic Review
The study included 26 retrospectively selected patients who underwent radical or partial nephrectomy at our institution during 2006 to 2016 with a diagnosis of MTSCC, PRCC (type 1) or an indeterminate histologic subtype with diagnostic comments indicating overlapping features between MTSCC and PRCC. All archival material from these cases were retrieved and rereviewed, and cases were divided into 3 groups based on histologic features. The MTSCC group included 11 cases with the typical morphologic appearance of MTSCC, exhibiting an admixture of tubules, spindle cells, and mucinous stroma in variable proportions as well as low-grade nuclei. The PRCC control group included 6 cases of type 1 PRCC, solid variant, which predominantly consisted of solid growth of tumors cells forming micronodules, abortive papillae, or ill-defined tubules. 24 The third group included 9 cases of RCC with overlapping features between MTSCC and PRCC. All clinical data were collected through chart review. Detailed histologic characteristics were recorded for each tumor, which included the percentages of various growth patterns such as elongated tubules, short tubules, spindle cells, solid sheet of cells, micronodules, or abortive papillae (without fibrovascular cores), and well-formed papillae with fibrovascular cores, as well as the presence or absence of fibrous capsule/ pseudocapsule, mucin, or foamy macrophages. The seventh edition AJCC TNM system was used for tumor staging. The study was approved by our Institutional Review Board. All hematoxylin and eosin slides were reviewed to select representative areas of the tumors for the SNP-array analysis.
Immunohistochemistry
Immunohistochemistry was conducted in 5 µm formalin-fixed paraffin-embedded (FFPE) whole tissue sections. Staining for CK7 (clone OV-TL 12/30, 1:800; Dako), AMACR (clone 12H4, 1:100; Zeta Corp), CD10 (clone SP67; Ventana, Tucson, AZ), EMA (clone E29; Ventana), CD15 (clone MMA; Ventana), and PAX8 (1:100; Proteintech) was performed using a BenchMark XT automated system (Ventana). Staining for YAP/TAZ (D24E4, 1:50; Cell Signaling Technology) was performed using an automated Ventana Discovery system (Ventana). Immunostaining scores (H-scores) for YAP/TAZ nuclear staining were determined as [H = intensity (0-3)×percent-age of positive cells (1-100)].
DNA Sample Preparation
DNA samples were extracted from FFPE tissue using QIAamp DNA FFPE tissue kit according to the manufacturer's standard protocol (Qiagen, Valencia, CA). For tumors with intratumoral histologic heterogeneity, representative areas were macrodissected or microdissected for DNA extraction. Concentration and quality of the sample were assessed with Qubit 2.0 Fluorometer (Life Technologies, Carlsbad, CA) and gel electrophoresis using reference DNA as a control.
High-resolution SNP-array Analysis
Genome-wide DNA copy number alterations and allelic imbalances were analyzed by SNP array using Affymetrix OncoScan FFPE Assay (Affymetrix, Santa Clara, CA) according to the manufacturer's guidelines. Briefly, genomic DNA samples (80 ng input) were hybridized to MIP probes followed by gap filling with AT/GC. After removing the unligated probes through exonuclease treatment, the cleavage enzyme was added to linearize the gap-filled circular MIP probes. This was followed by amplification, enrichment, digestion, and hybridization. The hybridized array was washed, stained and scanned through GENECHIP Scanner-7G (Affymetrix). Assay data were analyzed by OncoScan Console software (Affymetrix) and OncoScan Nexus Express software (BioDiscovery, El Segundo, CA) using Affymetrix TuScan algorithm. All array data were also manually reviewed for subtle alterations not automatically detected by the software.
RESULTS
Clinicopathologic Characteristics
The clinicopathologic features of 26 cases in the 3 diagnostic groups, including MTSCC (n = 11), PRCC, solid variant (n = 6) and indeterminate cases (IND) with overlapping features (n = 9), are summarized in Table 1 . There was a female predilection (4.5:1) in the MTSCC group which is consistent with the previous literature, 2 and distinct from the male predominance observed in the other 2 groups. At the time of nephrectomy, almost all tumors in the cohort were organ-confined without perirenal adipose tissue or renal vein invasion; 1 case in the IND group invaded into perinephric fat. There was no significant difference between tumor size among the 3 groups. No lymph node involvement was identified in cases submitted to regional lymph node dissection (n = 6). Papillary adenomas were identified in 4 cases, including 1 MTSCC and 3 IND cases. The median follow-up time for the entire cohort (n = 26) was 43 months (range, 3 to 120 mo). During follow-up, 1 patient from the IND group developed lymph node and distant metastasis, 5 years postsurgery. This patient was alive with disease at last follow-up (120 mo). All other patients were alive and without evidence of recurrence or progression.
Morphologic Spectrum
The histologic features of all cases are summarized in Table 2 . All tumors were relatively circumscribed, with (n = 14) or without (n = 12) a fibrous capsule. Within the MTSCC group (Fig. 1) , 7 of 11 (64%) cases exhibited apparent stromal mucin whereas 4 cases (36%) were mucin-poor. Elongated, branching tubules were found to be the dominant component in 6 of 11 (55%) cases, and other patterns included short tubules, spindle cells, or solid sheets of tumor cells (Figs. 1A-D) . The majority of cases (10/11, 91%) exhibited focal (5% to 10%) micronodules formed by whorled tubules (Figs. 1E, F) , and 4 cases (36%) contained rare foci of small papillae with fibrous cores ( Fig. 1D) . Foamy macrophages were identified in 7 of 11 (64%) cases, mostly as scattered small foci within stroma in a background of tubular or solid tumor growth (Fig. 1B) . In comparison, within the PRCC group, micronodules or abortive papillae ( Fig. 2A) were the most prevalent growth pattern in 4 of 6 (67%) of cases, whereas elongated tubules were either absent or as a minor component (5% to 20%). Short or ill-formed tubules, solid sheets, and low-grade spindle cells were also present (Figs. 2B-D) . Three cases had distinct areas (10% to 20% of tumor) of well-formed papillae with type 1 PRCC histologic features (Fig. 2B) . Stromal mucin was absent in all 6 cases. Abundant stromal foamy macrophages were found in 4 of 6 (67%) cases.
The 9 cases in the IND group could be separated into 2 subsets based on their morphologic features. Three cases (33%, IND5, IND6, and IND9) had distinct papillary regions with well-formed papillae of type 1 PRCC, yet also contained separate large areas displaying MTSCC-like features with intermixed tubules, solid sheets, or spindle cells (Figs. 3A, B) . Two of these 3 cases showed stromal mucin in the MTSCC-like regions. The remaining 6 cases (67%) had tubular, solid, and spindle cell components as well as micronodules or abortive papillae intermixed intimately (Figs. 3C-E) . When compared with the PRCC group, this subset of IND cases had a higher proportion of elongated tubules; compared with MTSCC, they showed an increased presence of micronodules or abortive papillae. Mucin was readily identified in 2 of 6 cases but was mainly luminal in 1 case (Fig. 3D) . In addition, 2 of these 6 cases showed well-developed branching papillae within the micronodules (Fig. 3F) .
Genome-wide Copy Number Alterations Detected in MTSCC, PRCC, and IND Groups
From the 26 cases, a total of 33 DNA samples were assessed by high-resolution SNP array (Fig. 4) . In 7 cases (1 MTSCC, 1 PRCC, and 5 INDs), 2 independent DNA samples from areas with different histologic features were (Figs. 4B, C) . Infrequent chromosomal losses were seen in 2 cases (PRCC3 and PRCC6), but with patterns different from MTSCC. In PRCC4 where 2 distinct areas were examined, the area dominated by micronodules/abortive papillae ( Fig. 2A) had similar copy number changes as the area with a solid growth pattern and spindle cells.
Interestingly, all 14 samples from 9 cases in the IND group with overlapping histologic features showed multiple chromosomal gains that most frequently involved 7 (79%), 16 (57%), 17 (100%), and 20 (93%), a pattern similar to the PRCC group (Fig. 4C) . None of the samples in the IND group exhibited the pattern of chromosomal losses observed in the MTSCC group, including the areas with the MTSCC-like appearance. Paired samples from the same tumor generally displayed very similar copy number alterations. The most divergence of paired samples was seen with case IND9: while sharing gains of 17 and 20, the papillary area (IND9_1) and solid area (IND9_2) had other distinct gains involving different chromosomes. Overall, despite the morphologic ambiguity, the copy number alterations detected in these IND cases strongly support their classification as PRCC.
Morphologic Features Helpful for Distinguishing MTSCC From PRCC
As the SNP-array data confirmed our initial grouping of MTSCC and PRCC cases in the study and further classified all our IND cases as PRCC, we reassessed the histologic features of MTSCC cases (n = 11) in comparison to those of the molecularly defined PRCC cases (n = 15). While the presence or absence of capsule/pseudocapsule, proportion of various architectural patterns, mucin, or foamy macrophages could not definitively distinguish these 2 entities in this cohort (Table 2) , we identified 3 distinct morphologic features that were present in PRCC but not MTSCC cases ( Table 3 ).
The first feature was the presence of a distinct area of well-formed, type 1 papillae (Figs. 2B, 3A) . In comparison, the rare papillae seen in MTSCC mostly appeared to be isolated small papillations with minimal fibrous cores scattered in a background of tubules with twisted lumina or papillary infolding (Fig. 1D) . A second feature was low-grade spindle cell foci previously described in PRCC, 25 which showed spindled tumor cells lining angulated, curvilinear tubules with irregular and "shaggy" lumina (Fig. 2D) . Conversely, the lumina of tubules in tightly packed tubular and spindle cell areas of MTSCC were typically smoother (Figs. 1B, C) . Each of these 2 morphologic features existed in 40% (n = 6) of the PRCC analyzed and showed a significant correlation with the PRCC diagnosis (P < 0.05).
Lastly, we only observed micronodules encompassing small branching papillae that clearly contained fibrovascular cores (Fig. 3F ) in PRCC cases, although this feature was only prevalent in 2 of 15 PRCC cases in the study. In the remaining cases of PRCC, while there might be subtle morphologic differences between the micronodules or abortive papillae (Figs. 2A, 3C ) versus those seen in MTSCC (compact arrangement of whorled tubules; Figs. 1E, F) , they all lacked well-formed fibrovascular cores and could be very difficult to distinguish.
Immunohistochemical Features
The immunohistochemical features of tumors in this study are summarized in Table 4 . CD10 was largely negative (7/10, 70%) in the MTSCC group, whereas 69% of PRCC cases showed at least focal immunoreactivity. However, 4 of the 13 (31%) tested PRCC cases, all from the IND group, also showed negative staining for CD10, indicating the limited utility of this marker in cases with equivocal histologic features. Consonant with previous literature, 8, 9 the results of CK7, AMACR, PAX8, EMA, and CD15 were similar between MTSCC and PRCC groups.
Given the recent implication of dysregulated Hippo pathway in MTSCC, 34 we examined the expression of YAP and transcriptional activator with PDZ-binding domain (TAZ), 2 transcription coactivators that are the major downstream effectors of the Hippo pathway. 36 Using an antibody detecting the total YAP and TAZ proteins, we tested the utility of this marker in the differential diagnosis of MTSCC from PRCC with overlapping histologic features. There was no significant difference in the nuclear expression of YAP/TAZ detected between molecularly defined MTSCC and PRCC cases (Fig. 5) . The mean H-score was 207 (range, 130 to 280) in the MTSCC group versus 232 (range, 170 to 280) in the PRCC group.
DISCUSSION
Cases with morphologic features of MTSCC were originally reported in 1997 and grouped under the descriptive name of "low-grade collecting duct carcinoma" together with what later proved to be tubulocystic carcinomas. 37 As a specific entity, MTSCC was designated as the official name in the 2004 WHO classification system to acknowledge its characteristic morphologic features collectively described in a few early studies. [3] [4] [5] [6] [7] However, it was soon appreciated that MTSCC and type 1 PRCC, particularly the solid variant, share significant morphologic and immunohistochemical overlap. 8, 11 The accurate classification of these 2 entities for cases with atypical or overlapping features has remained a difficult diagnostic challenge.
In this study, we investigated genome-wide copy number alterations in MTSCC, solid variant of type 1 PRCC, and IND with overlapping histologic features to elucidate molecular attributes that can be used in this differential diagnosis. We demonstrate that MTSCC and PRCC exhibit distinct chromosome alteration patterns that clearly separate the 2 entities, and that the chromosomal alterations revealed by a SNP-array platform are able to definitively resolve the classification of IND with overlapping histologic features. Since this array-based technology has been fully adapted for limited FFPE material and is increasingly being used in clinical laboratories, it can serve as a powerful ancillary tool for this challenging pathologic distinction.
Our results showed that all MTSCC cases exhibit multiple chromosomal losses frequently involving chromosomes 1, 4, 6, 8, 9, 13, 14, 15, and 22 while lacking trisomy 7 of the 17, whereas solid variant of type 1 PRCC cases show multiple chromosomal gains most frequently involving chromosomes 7, 16, 17, and 20. These findings corroborate results from a recent whole-exome sequencing study of MTSCC with classic morphology and the comprehensive genomic characterization of type 1 cases in the TCGA PRCC study, 34, 35 and support the notion that MTSCC and type 1 PRCC harbor distinct and characteristic chromosomal copy number alterations. One unique feature of our study is that we examined intratumoral morphologic heterogeneity and showed that the overall patterns of chromosomal copy number alteration are identical or very similar among morphologically distinct areas within a given tumor.
Another important feature of our study is that we focused on morphologically ambiguous cases and investigated in detail the morphologic and molecular features of cases with overlapping features of MTSCC and PRCC. It is interesting to note that 3 of the 161 cases included in the TCGA PRCC cohort were found to have the MTSCCtype multiple chromosomal losses, while lacking characteristic genetic changes of type 1 PRCC. 34 This reiterates the difficulty in distinguishing these 2 entities based on routine histologic and immunohistologic criteria. Prior reports on genomic findings in RCC with overlapping histologic features of MTSCC and PRCC are largely lacking. One recent study included 6 such cases and found 1 case showing MTSCC-type multiple chromosomal losses, 2 with PRCC-type multiple gains, and 1 case without any abnormality, although details on morphologic and molecular correlation were not provided. 38 In this study, we found that all cases from our IND group harbored copy number alterations characteristic of PRCC. Given the morphologic spectrum seen in these PRCC cases with IND histology, our results emphasize the fact that areas closely resembling MTSCC can exist in PRCC; such areas include intermixed tubules and solid sheets of epithelioid or spindle cells, and even the presence of stromal mucin.
Taking advantage of these molecularly defined cohorts of MTSCC and PRCC, we reassessed the histologic features of all cases and found that the presence of a distinct, well-formed type 1 papillary area (vs. isolated small papillations in MTSCC), or spindled cell-lined, angulated/ curvilinear tubules with irregular and "shaggy" lumina, as originally described by Argani et al, 25 correlated with a diagnosis of PRCC. Another less frequent histologic feature, micronodules encompassing small branching papillae that clearly contained well-defined fibrovascular cores (Fig. 3F) , was also only found in PRCC. As these features were not identified in MTSCC cases, they potentially serve as more definitive histologic clues during pathologic evaluation, particularly for cases with overlapping features. However, given the relatively small size of this cohort, further studies in larger independent cohorts are needed to better assess their utility. In addition, it needs to be emphasized that these histologic criteria should be applied in the appropriate histologic context, and that they are not intended for cases with differential diagnoses extending beyond the scope of MTSCC and type 1 PRCC.
The immunohistochemistry results of this study are in line with the previous studies. Among the routine immunohistochemical markers, although CD10 was negative in 70% of MTSCC cases yet showed at least some immunoreactivity in ∼70% of PRCC, its utility as a diagnostic marker is limited as 30% of PRCCs in this cohort were also negative. Hippo pathway dysregulation has recently been suggested as a common molecular basis for MTSCC, with up to 90% cases exhibiting increased nuclear YAP1 protein expression in 1 study. 34 While we indeed found relatively high nuclear expression of YAP/ TAZ in MTSCC cases, the levels of YAP/TAZ in PRCCs of this cohort were also high and comparable to MTSCC. Consistent with Hippo pathway activation that has also been identified in RCC of other histologic subtypes, such as some "type 2" PRCC and unclassified RCC, 35, 39 our finding suggests that markers for this pathway have limited value for the differential diagnosis of MTSCC from its PRCC mimics.
Although the copy number alterations identified in our study support FISH analysis of trisomies 7 and 17 as a useful ancillary tool for the distinction of PRCC and MTSCC, false positive or false negative results in FISH trisomy analysis due to difficulties in interpreting fluorescence signals or setting correct thresholds are not rare. In addition, relying on a negative result for trisomy 7 or 17 to diagnose MTSCC can be misleading, particularly if the differential diagnosis for a given case includes other entities. For example, in a case that was reported as an MTSCC with extensive papillary architecture in a patient with end-stage kidney disease based on the negative result for FISH trisomy 7 or 17, the diagnosis might have benefited from further studies using FISH probes for multiple chromosomes or genome-wide copy number analysis by SNP or comparative genome hybridization array. 40 In our experience, the SNP array based assay can render a high-resolution genome-wide characterization of copy number alterations, including detecting copy-neutral LOH, using routinely processed, limited clinical FFPE samples. We also believe that compared with FISH, SNP array shows better sensitivity and specificity for classifying MTSCC cases and distinguishing them from its histologic mimics.
While the MTSCC cases in our cohort exhibited low nuclear grade, it is also worth noting that recent studies of MTSCC with high nuclear grade (Fuhrman grade 3 or WHO/ISUP nucleolar grade 3) identified copy number changes similar to classic MTSCC. 20, 23 Utilizing the same SNP-array platform as in this study, we have analyzed 7 high-grade MTSCC cases and identified multiple chromosomal losses similar to the pattern described here. 23 However, in cases with more complex high-grade features or sarcomatoid change, chromosomal gains or additional LOH may be detected, although data in this regard are very limited. 14, 23 In conclusion, MTSCC exhibits a distinct copy number alteration pattern, most frequently monosomy of 1, 4, 6, 8, 9, 13, 14, 15, and 22, whereas solid variant of PRCC and other PRCC with overlapping histologic features are characterized by chromosomal gains of 7, 17, and 20. For cases with mixed or overlapping features of MTSCC and PRCC that are difficult to classify, SNP array can serve as a very powerful ancillary tool for the differential diagnosis. The presence of classic type 1 papillary area or spindled cells lining angulated, curvilinear tubules with irregular and "shaggy" lumina favors a diagnosis of PRCC, and the utility of these relatively distinctive histologic features in this differential diagnosis needs to be confirmed by additional studies.
